Abstract: Toroidal metamaterials have been drawing increasing interest recently because of their unusual electromagnetic properties and a variety of potential applications. In this work, we have investigated numerically toroidal dipolar response at optical frequency in metamaterials whose unit cell includes three magnetic resonators. The magnetic resonators are metal-dielectric-metal sandwich nanostructures, which are composed of two Ag rods and a SiO 2 spacer. They have the same shape and dimension, but they are placed at different positions to break the space-inversion symmetry. The near-field plasmon coupling between magnetic resonators leads to the excitation of a toroidal dipolar mode, which is characterized by a head-to-tail distribution of magnetic dipoles within magnetic resonators. In our designed toroidal metamaterials, space-inversion symmetry breaking is needed only in the polarization direction of incident light, and light can be normally incident on the toroidal metamaterials.
Introduction
Metamaterials, engineered to exhibit novel properties not available in natural materials like negative refraction [1] - [3] , have been drawing too much interest because of various appealing applications, such as subwavelength imaging [4] , [5] , cloaking [6] - [8] , perfect absorption [9] - [12] , and so on. Recently, experimental observation of the electromagnetic response of the dynamic toroidal dipolar has become possible by using artificial metamaterials [13] . Toroidal metamaterial was first theoretically proposed by Marinov et al. in 2007 for investigating a three-dimensional (3D) array of toroidal solenoid [14] . In 2009, it was experimentally studied at microwave by Papasimakis et al. in a toroidal wiring consisting of four rectangular loops, with a relative weaker toroidal dipolar response compared with conventional multipoles [15] . In 2010, toroidal-dominated dipolar response was first experimentally demonstrated and separated from other multipoles in microwave regions by Kaelberer et al. in metamaterials composed of four split-ring resonators (SRRs) embedded into a dielectric slab [16] . In 2012, Huang et al. theoretically further pushed toroidal dipolar response to the optical frequency by scaling down the split-ring size [17] . Later, SRRs-based toroidal metamaterials are the subject of growing interest owing to their unusual electromagnetic properties [18] - [28] . The 3D arrangements of four SRRs with toroidal dipolar moments are quite difficult to fabricate especially at optical wavelengths. For simplifying fabrication, Fan et al. reported a two-dimensional (2D) planar toroidal dipole metamaterial comprised of four asymmetric SRRs, which has the merits of low loss and high Q response in the microwave frequency range [21] . Toroidal dipolar responses realized in metamaterials have found some potential applications, such as low-threshold plasmonic lasing [20] , electromagnetically induced transparency [26] , and polarization transformers [28] .
Besides SRRs, other various structural elements were also proposed to support dominant toroidal dipole responses in a number of metamaterial and plasmonic systems [29] - [46] . The first kind of structural elements are magnetic resonators including metallic double bars or disks [29] - [33] , metal-dielectric-metal (MIM) sandwich nanostructure [34] , and core-shell-structured dielectric-metal circular nanodisk or nanosphere [35] , [36] . Dong et al. theoretically and experimentally demonstrated that the toroidal dipolar response in the optical regime can be excited by a normally incident light in the optical regime, by designing a feasible nanostructured metamaterial comprising six asymmetric double-bar magnetic resonators assembled into a toroid-like configuration [29] . Such an incident direction of light is different from that in the split-ring-based toroidal metamaterial, where the electromagnetic wave was incident from the lateral direction of the toroidal metamolecule [16] . They introduced a geometric asymmetry for the aim of spaceinversion symmetry breaking, in addition to the time-reversal symmetry breaking as an intrinsic result of the magnetization. Very recently, Bao et al. showed theoretically that under the radially polarized light with inherently broken space inversion symmetry, the optical toroidal dipolar moment can also be realized in a MIM sandwich nanostructure [34] . Their toroidal structure consists of six gold disks on a gold substrate separated by a SiO 2 layer, not needing broken spatial rotation symmetry with respect to the direction of incident light. Zhang et al. theoretically and experimentally exhibited that for a single dielectric SiO 2 disk coated with a silver layer, the optical magnetic resonance modes could be eliminated, and as a result only magnetic toroid-like modes were sustainable in the infrared and visible regime [35] . The second kind of structural elements are carefully engineered plasmonic cavities with different shapes drilled in metal films, like round hole [37] , [38] , dumbbell-shaped aperture [39] , sun-shaped aperture [40] , or circular V-groove [41] . Ögüt et al. presented experimental and theoretical evidence for toroidal modes at visible frequencies, in a structure consisting of seven round holes of 60 nm diameter drilled in a free-standing 60 nm thick silver film [37] . In their structure, a central hole is surrounded by a six-membered ring of holes with the D6h symmetry, and a vertical electric dipole emitter is centered in the middle hole. Using interfering electric and toroidal dipoles, Fedotov et al. confirmed experimentally a new mechanism of resonant electromagnetic transparency in toroidal metamaterials based on four dumbbell-shaped aperture elements, which are made in a thin metal plate and resemble a meridional cross-section of a toroidal void [39] . Guo et al. proposed electric toroidal metamaterial composed of sun-like apertures in metal screen, for resonant transparency and circular cross-polarization conversion at microwave frequency [40] . Li et al. designed a circular V-groove array in silver film of about 100 nm, and studied experimentally and numerically its toroidal-mode excitation by angle-resolved reflection in the optical regime [41] . The third kind of structural elements are dielectric nanocylinders and nanoparticles [42] - [46] . In order to eliminate the Ohmic loss in the metallic resonators that can substantially hinder the excitation of toroidal multipoles, Basharin et al.
theoretically studied all-dielectric metamaterials of a special class that represent a simple electromagnetic system supporting toroidal dipolar excitations in the THz part of the spectrum [42] . The metamolecule of the all-dielectric metamaterials is composed of four closely spaced infinitely long high-index dielectric cylinders. By studying the scattering of normally incident plane waves by a single dielectric nanowire, Liu et al. revealed the indispensable role of toroidal dipolar excitation in multipole expansions of radiating sources in the optical spectrum regime [43] . Miroshnichenko et al. observed experimentally a highly pronounced dip in the far-field scattering associated with anapole mode, through a geometry tuning of the spectral overlap of the toroidal and electric dipole modes [46] .
In this work, we will investigate numerically toroidal dipolar response at optical frequency in metamaterials whose unit cell includes three magnetic resonators consisting of two Ag rods and a SiO 2 spacer. Such metal-dielectric-metal sandwich resonators have the same shape and dimension, but are placed at different positions to break space-inversion symmetry. The near-field plasmon coupling among three magnetic resonators will form a toroidal dipolar mode, which is characterized by a head-to-tail distribution of magnetic dipoles within three magnetic resonators. In our designed toroidal metamaterials, space-inversion symmetry breaking is needed only along the polarization direction of incident light, and light can be normally incident on the toroidal metamaterials. These properties are helpful in observing toroidal dipolar response in the experiment especially at optical frequency.
Results and Discussion
In this work, we calculated the transmission, reflection and absorption spectra, and the electromagnetic field distributions of toroidal metamaterials, by using the commercial software package "EastFDTD" based on finite difference time domain (FDTD) method [47] . This software package can run smoothly on a computer with two Intel Xeon E5-2643v2 CPUs and a memory size of 320 GB. In our numerical simulations, a refined homogeneous grid size of Ás ¼ 2 nm and a time step of Át ¼ Ás=2c (c is light speed in vacuum) are set manually to ensure numerical convergence. The frequency-dependent relative permittivity of Ag is taken from experimental data [48] , and the refractive index of SiO 2 is taken to be 1.45.
The toroidal metamaterials to be studied are schematically shown in Fig. 1 , whose unit cell includes three magnetic resonators consisting of two Ag rods and a SiO 2 spacer. These magnetic resonators have the same shape and dimension, but are placed at different positions [see Fig. 1(a) ]. The length, width, and height of both Ag rods and SiO 2 spacer are l ¼ 150 nm, w ¼ 100 nm, and h ¼ 50 nm, respectively. Such a metal-dielectric-metal sandwich nanostructure is capable of supporting a magnetic resonance, whose electric fields are mainly concentrated near the end points of metal rods and magnetic fields are highly confined within the dielectric layer [49] - [55] . The coordinate system is chosen such that the xoy plane is across the SiO 2 layers, with its origin located at the geometry center of three magnetic resonators [see Fig. 1(b) ]. In order to change the relative positions of magnetic resonators, the left two resonators will be anticlockwise or clockwise rotated with respective to the z-axis. is the rotation angle, and R is the radius between the coordinate origin and the magnetic resonators. The periods of the unit cell in the x and y directions are p x and p y , respectively. Light is normally incident in the negative z-axis direction, with its polarization along the x -axis direction. To calculate the transmission, reflection, and absorption spectra, a pulsed Gauss light source is used in numerical simulations. Fig. 2(a) shows the calculated transmission, reflection, and absorption spectra of the toroidal metamaterials composed of three magnetic resonators under normal incidence of light, with the geometrical parameters l ¼ 150 nm, w ¼ 100 nm, h ¼ 50 nm, R ¼ 125 nm, ¼ 150 0 , p x ¼ p y ¼ 600 nm. Three resonance modes are found in Fig. 2(a) , which are centered at f 1 ¼ 398:75 THz, f 2 ¼ 404:75 THz, and f 3 ¼ 407 THz, corresponding to wavelength 1 ¼ 752 nm, 2 ¼ 741 nm, and 3 ¼ 737 nm, respectively. For two resonance modes at f 1 and f 3 , the transmission is low and the reflection is high. In contrast, for the resonance mode at f 2 , the situation is reverse, and at the same time the absorption is enhanced noticeably. In order to reveal the physics of three resonant modes, in Fig. 2(b) and (c) we plot the distribution properties of magnetic field intensity at their resonance frequencies. For resonant mode at f 1 , it is clearly seen in Fig. 2(b) that the magnetic fields are mainly confined within the SiO 2 layer of the right magnetic resonator, and the electric fields are concentrated near the end points of two metal rods (not shown here). Such a field distribution corresponds to the excitation of a magnetic dipolar mode in the right magnetic resonator [49] - [55] . Very similarly, for resonant mode at f 3 , the magnetic fields are mainly confined within the SiO 2 layers of the left two magnetic resonators [see Fig. 2(d) ], which also corresponds to the excitation of a magnetic dipolar mode. However, for resonant mode at f 2 , the situation is different. One can see in Fig. 2(c) the magnetic fields in the SiO 2 layers of three magnetic resonators are simultaneously enhanced. Moreover, the directions of magnetic fields have a head-to-tail distribution of magnetic dipoles within three magnetic resonators. Such a field distribution properties imply the excitation of a toroidal dipolar mode [16] .
In the following, we will investigate in detail the effect of various geometrical parameters on the toroidal dipolar mode at f 2 shown in Fig. 2(c) . We firstly investigate the effect of the rotation angle between magnetic resonators, as schematically shown in Fig. 1(b) . For this purpose, Fig. 3(a) presents the contour plots of normal-incidence absorption spectra of a series of toroidal metamaterials with varied from 100°to 155°in steps of 5°. When is increased to about 130°, the toroidal dipolar mode will have a red-shift. This is because the coupling strength between the left two magnetic resonators and the right one is continuously weakened with increasing . However, for to be further increased, the toroidal dipolar mode will have a blue-shift, since the coupling strength of the left two magnetic resonators is gradually enhanced with increasing . In fact, whether the toroidal dipolar mode will have a red-shift or blue-shift is together determined by the two coupling strengths and their balance. It is clearly seen in Fig. 3(a) that, the absorption is the largest for the rotation angle to be about 125°, because the excitation of the toroidal dipolar mode is the strongest. To further confirm this, we have shown in Fig. 3(b) and (c) the normalized magnetic field intensity ðH=H in Þ 2 on the xoz plane across the centers of three SiO 2 spacers, at a, b, and c points labeled in Fig. 3(a) , respectively. Although the magnetic fields at three resonances all have a vortex distribution, the field enhancement is the largest at b point for ¼ 125 0 , and is more than 700 times of the incident field intensity.
Here, we should mention that reducing spatial symmetry plays an important role in the excitation of toroidal dipolar modes. In the pioneering work [16] , breaking structural symmetry in 3D space was explored to excite toroidal dipole resonances in metamaterials consisting of four asymmetrically arranged SRRs. In an elegant planar scheme for toroidal metamaterial comprised of four asymmetric SRRs [21] , space-inversion symmetry was broken in two directions of the wave vector and magnetic field of incident light, while maintaining the structural symmetry along the polarization direction. In our work, the geometrical structure is asymmetrical only in one direction (the x axis), which maybe facilitate observing toroidal dipolar response in the experiment especially at optical frequency.
We then investigate the effect of the radius R on the resonance position and the excitation strength of the toroidal dipolar mode. Fig. 4(a) gives the contour plots of normal-incidence absorption spectra of a series of toroidal metamaterials with R varied from 170 to 210 nm in steps of 5 nm. It is evident that the resonance position of the toroidal dipolar mode is almost independent of R in the investigated radius range. This seems a little counterintuitive, because the separation between three magnetic resonators will become larger with increasing R and thus their near-field coupling will become weaker, and as a result the resonance frequency of the toroidal dipolar mode should obviously red-shift especially for larger R. However, the outside coupling between the right magnetic resonator and the left two ones will get stronger as R increases for a fixed period. This is most possibly the reason why the resonance position of the toroidal dipolar mode is insensitive to R.
Although the resonance frequency of the toroidal dipolar is not sensitive to R, its excitation strength heavily depends on R. One can see clearly in Fig. 4(a) that the absorption is the largest when R is increased to around 190 nm, and then reduced for further increased R. For very large R, the toroidal dipolar cannot be excited, with its corresponding absorption almost negligible. Fig. 4(b) and (c) compare the magnetic field distributions at d , e, and g points labeled in Fig. 4(a) , respectively. Obviously, the magnetic fields at three point all have a vortex distribution, but the field enhancement is the largest at e point for R ¼ 190 nm, which is more than 900 times of the incident field intensity.
Conclusion
In this work, we have investigated numerically toroidal dipolar response at optical frequency in metamaterials whose unit cell includes three magnetic resonators consisting of two Ag rods and a SiO 2 spacer. Such metal-dielectric-metal sandwich resonators have the same shape and dimension, but are placed at different positions to break space-inversion symmetry. The near-field plasmon coupling between three magnetic resonators will form a toroidal dipolar mode, which is characterized by a head-to-tail distribution of magnetic dipoles within three magnetic resonators. In our designed toroidal metamaterials, space-inversion symmetry breaking is needed only along the polarization direction of incident light, and light can be normally incident on the toroidal metamaterials. We hope that these properties could facilitate observing toroidal dipolar response in the experiment especially at optical frequency.
